Introduction 25
Pyrolysis is an effective method for obtaining fuels and chemicals from organic 26 resources. Methanol used to be produced from wood pyrolyzates [1] . Catalytic cracking 27 is currently available for production of gaseous and liquid fuels and commodity 28 chemicals from petroleum [2, 3] . Biomass has great potential as a future renewable 29 resource for fuels and chemicals production [1, 4] . Thermochemical methods such as 30 fast pyrolysis [5, 6] and gasification [5, 7] are promising ways for converting biomass 31 into fuels and chemicals. However, low product selectivity arising from the complex 32 reactions of biomass pyrolysis makes the application of these pyrolysis-based processes 33 difficult. Understanding the molecular mechanisms of biomass pyrolysis and their 34 control would be useful for improving the product selectivity. Glucose was comparatively stabilized in TEGDE as shown by the higher 176 glucose recovery at each temperature ( Fig. 1(b) ). Interestingly, even at 250 °C where 177 glucose disappeared completely, the solution after pyrolysis in TEGDE remained almost 178 colorless without formation of any insoluble products (char) ( Fig. 1 (a) ). Accordingly, 179 formation of char and colored substances was completely inhibited in TEGDE, even 180 though glucose decomposed into other substances. 181
Using GPC, the MW distribution of the pyrolyzates can be determined as 182 illustrated in Fig. 2 . Under the neat conditions, the intensity of the glucose signal (18.5 183 min) decreased with increasing temperature, and broad signals in the higher MW region 184 became significant (Fig. 2 (a) ). These results indicate that the oligosaccharides 185 formation through thermal glycosylation reaction proceeded under the neat conditions. 186 9 Similar glycosylation is reported for glucose [21] and the reducing end of cellulose [22] . 187
Although no significant signals were observed at 150-200 °C with an UV 254nm detector, 188 higher MW products obtained at 220 °C showed obvious UV absorptivity which 189 suggests the conjugated double bond formed through dehydration. 190
The pyrolyzates obtained in TEGDE gave very different chromatograms (Fig. 2  191 (b)). No signals were observed in the higher MW region other than the glucose signal. 192
The decreasing rate of the intensity of the glucose signal with increasing temperature 193 was lower than that of neat glucose pyrolysis. This is consistent with the recovery data 194 ( Fig. 1(b) ). Instead of the formation of high MW products under the neat condition, the 195 product signals were observed in the lower MW region. 196 To obtain more information on the fragmentation pathway, glyceraldehyde and 218 1,3-dihydroxyacetone were pyrolyzed in TEGDE as the simplest aldo and keto sugars, 219
respectively. Fig. 4 shows the time course of the product formation from these sugars. 220
Gaseous formaldehyde was difficult to analyze. The formaldehyde yields presented here 221 are the tentative values obtained by collection using a liquid N 2 trap. In the early stage 222 of reaction, a significant amount of 1,3-dihydroxyacetone was formed from 223 glyceraldehyde. Thus, the aldose-ketose isomerization (Lobry-de Bruyn-van Ekenstein 224
The 225 1,3-dihydroxyacetone/glyceraldehyde ratios were usually much higher than 1 during 226 pyrolysis of these sugars, even glyceraldehyde. This suggests that 1,3-dihydroxyacetone 227 is more favorable in this aldose-ketose isomerization probably due to its greater stability 228 arising from its more substituted carbonyl structure. 229
Glycolaldehyde and formaldehyde were formed from these C3 sugars. This is 230 explained with the retro-aldol-type fragmentation mechanism ( Glucose gave fructose in the early stage of pyrolysis at 220 °C, and the yield 246 reached 7.2 wt% of the amount of the reacted glucose at 10 min. Accordingly, 247 glucose-fructose isomerization also occurs in glucose pyrolysis and the decomposition 248 pathway via fructose is competitive with the direct fragmentation of glucose. 249
Fragmentation of glucose (reaction c) gives erythrose and glycolaldehyde. Erythrose 250 was the major C4 sugar from glucose in early stage of pyrolysis at 220 °C, and then, the 251 C4 sugar composition gradually shifted towards an erythrulose-rich one with an 252 increase in the heating time. This is explainable by the isomerization from erythrose into 253 erythrulose. Since the erythrulose/erythrose ratios at 220 °C/60 min and 250 °C/10 and 254 20 min were greater than 1, erythrulose is suggested to be more stable. This greater 255 stability of erythrulose can be also explained by its more substituted carbonyl structure 256 which is similar to 1,3-dihydroxyacetone as mentioned above. 257
Contrary to this, erythrulose was only observed as a C4 sugar from fructose 258 (Fig. 6) , and the yield was as high as 30.8 wt% at 220 °C/30 min. This would be 259 explained by formation of a 3-hexulose via isomerization of fructose (reaction b), 260 although isolation of this C5 sugar failed probably due to its high decomposition 261 reactivity. A retro-aldol fragmentation of the 3-hexulose (reaction i) gave a C4 enol, 262 which was isomerized into more stable erythrulose preferably instead of erythrose. 263
Some of the erythrulose formed from glucose (220 and 250 °C) probably originated 264 from this reaction. Fragmentation into a C5 sugar (reaction m) is also possible for the 265 3-hexulose, although this sugar was not identified. 266
As for the formation of C3 sugars, many pathways (reactions e, g, j and o) are 267 possible as shown in Fig. 7 . Interestingly, glyceraldehyde tends to form more selectively 268 than 1,3-dihydroxyacetone in the early stage of pyrolysis at 220 °C. In Fig. 7 , only the 269 fructose fragmentation (reaction g) gives glyceraldehyde directly, while the initial 270 product of other reactions is a C3 enol, which can be isomerized into both 271 glyceraldehyde and 1,3-dihydroxyacetone. Accordingly, the isomerization into 272 glyceraldehyde is probably favored kinetically. The 1,3-dihydroxyl structure in the C3 273 enol would be preferable in association with the ether oxygen of TEGDE. As the 274 heating time increased, glyceraldehyde was gradually converted into the more 275 thermodynamically favorable 1,3-dihydroxyacetone. The greater isomerization rate 276 observed for the pyrolysis of glyceraldehyde (Fig. 4) may be explained by its higher 277 solubility in TEGDE which promoted the isomerization before heating and during the 278 heating up process. Although glucose and fructose were soluble in TEGDE only at high 279 temperature, glyceraldehyde and 1,3-dihydroxyacetone were soluble even at room 280 temperature. 281
Along with the glyceraldehyde fragmentation (Fig. 7) , fragmentation of some 282 These IR results also suggest that a similar base-catalyzed reaction accelerates 317 the formation of the open-chain form of glucose from its pyranose and furanose isomers, 318 although a similar IR measurement was not possible for glucose due to the limited 319 solubility in TEGDE at ambient temperature. Recovery of glucose only at a low 320 TEGDE/glucose ratio of 20 (Fig. 8) is understandable with this proposal. 321 Table 1 summarizes the yields of fragmentation and isomerization products 322 from glucose in TEGDE and three other polyethers, 18-crown-6, isosorbide 323 dimethylether (IDE) and diethyleneglycol dibutylether (DEGDBE) (N 2 /250 °C/30 min). 324 TEGDE, 18-crown-6, and IDE exhibited similar product compositions, and the yield of 325 glycolaldehyde increased in the order: 18-crown-6 < TEGDE < IDE. This order may be 326 related to the ability of the ether oxygens to interact with the hydroxyl groups of glucose 327 as discussed above. The results of DEGDBE support this proposal, since DEGDBE with 328 only three oxygen atoms was not effective for these fragmentation reactions. Thus, the 329 selective fragmentation reaction occurs only when enough ether oxygen is provided by 330 the polyether. 331 Sulfolane, which is also an aprotic solvent, has been used for conversion of 332 cellulose into levoglucosan and other low MW products [27] . Unlike polyether, however, 333 formation of the dehydration products and colored substances is reported in sulfolane. 334
Sulfolane may accelerate the dehydration reaction with some specific mechanism. 
